Suberin, a polyester polymer in the cell wall of terrestrial plants, controls the transport of water and nutrients and protects plant from pathogenic infections and environmental stresses. Structurally, suberin consists of aliphatic and aromatic domains; p-hydroxycinnamates, such as ferulate, p-coumarate, and/or sinapate, are the major phenolic constituents of the latter. By analyzing the ''wallbound'' phenolics of mutant lines of Arabidopsis deficient in a family of acyl-CoA dependent acyltransferase (BAHD) genes, we discovered that the formation of aromatic suberin in Arabidopsis, primarily in seed and root tissues, depends on a member of the BAHD superfamily of enzymes encoded by At5g41040. This enzyme exhibits anhydroxyacid hydroxycinnamoyltransferase activity with an in vitro kinetic preference for feruloyl-CoA and 16-hydroxypalmitic acid. Knocking down or knocking out the At5g41040 gene in Arabidopsis reduces specifically the quantity of ferulate in suberin, but does not affect the accumulation of p-coumarate or sinapate. The loss of the suberin phenolic differentially affects the aliphatic monomer loads and alters the permeability and sensitivity of seeds and roots to salt stress. This highlights the importance of suberin aromatics in the polymer's function.
L
and plants have evolved different mechanical/defensive machineries to reinforce their cell wall integrity and rigidity to protect themselves from various environmental stresses (1) . Along with well recognized lignification, cell wall suberization is another physiologically important strategy to regulate the apoplastic transport of water and solutes and to protect the plant from the invasion of pathogens (1) (2) (3) .
Suberin occurs in the cell walls of external and internal plant tissues. Suberized cells primarily are present in underground tissues (e.g., epidermis, endodermis, exodermis, root and tube phellem), in the coats of mature seeds, in the bundle-sheath cells, and in the phellem of aerial tissues that undergo secondary thickening (2, 4) .
Structurally, suberin is a complex lipophilic polymer, containing a fatty acid-derived domain (aliphatic suberin) and a (poly)hydroxycinnamate domain (aromatic suberin). The aliphatic suberin is a 3D, glycerol-bridged polyester network, comprised primarily of -hydroxyacids and ␣,-dicarboxylic acids, with chain lengths ranging from C-16 to C-32 (mainly C-18). They exist as discrete components between the plasmalemma and the primary cell wall matrix (2, 3, 5) . The aromatic domain is principally composed of p-hydroxycinnamates (e.g., ferulate, p-coumarate, and sinapate) and their derivatives and possibly a low level of monolignols (4, 6) . The abundance of those phenolics detected in the suberized tissues varies in different species and ranges as high as approximately 10% of total suberin content (3) . The aromatic units of suberin are covalently linked with the aliphatic domain through ester bonds. These aromatic units are then presumably polymerized via radical coupling reactions to form an aromatic domain, which is incorporated within the matrix of the primary cell wall (4, 7, 8) . A building block, i.e., the trimer of -feruloyl acylglycerol diester, was characterized from cork suberin, implicating the role of ferulate in cross-linking the aliphatic suberin polymer to the adjacent polyaromatic domain (9) .
Despite intensive analyses of the compositions of suberin in different species (10) (11) (12) (13) , details about the biosynthesis and deposition of the monomeric precursors of suberin, and the macromolecular assembly of its components, are not entirely understood. Some progress recently was made toward clarifying the biosynthesis of aliphatic suberin and of cutin, a related lipid polymer. Genetic and biochemical studies unveiled the catalytic steps for fatty acid elongation, -oxidation, and (poly)glycerol acylation, the crucial reactions for the formation of the structural elements of lipid polymers (14) (15) (16) (17) . Among these studies, Beisson et al. (17) linked an acyltransferase of GPAT family (acyl-CoA, glycerol-3-phosphate acyltransferase), namely GPAT5, to the biogenesis of suberin polyester. The enzyme catalyzes the formation of acylglycerol in vitro; and the mutant plant gpat5 exhibited a 50% decrease in the content of aliphatic suberin in roots and seed coats. The reduction primarily occurred in the very-long-chain dicarboxylic acids and hydroxyacids.
Compared with our knowledge of the biosynthesis of aliphatic suberin, the molecular mechanisms underlying the formation of the aromatics of suberin are less well established. A series of hydroxycinnamate esters of the long chain alcohols/acids (i.e., C-16 to C-32) were found in the suberizing tissues of different species (8, 11, 18, 19) , suggesting that the phenolic ester conjugates may function as suberin precursors (4) . The activity of a hydroxycinnamoyl-CoA:-hydroxyacid O-hydroxycinnamoyltransferase (HHT) was detected in the wound-healing potato-tuber discs; the enzyme then was purified from suspension cultures of tobacco cells (20, 21) . HHT catalyzes the formation of feruloylpalmitic acid and alkyl ferulate esters in vitro. The time course of its response to wounding, and its distribution in the tissues of potato tubers coincided with the deposition of suberin (21) . The response of HHT induced by the plant hormone abscisic acid is similar to those of several other enzymes that might be involved in synthesizing suberin in the tubers (22, 23) . HHT activity was detected in root extracts of many higher plants (24) , pointing to its general role in forming the hydroxycinnamate esters of fatty acids in suberizing tissues. However, the gene encoding HHT has not been identified, nor has the role of HHT in the biosynthesis of suberin aromatic been affirmed convincingly.
A growing number of plant-specific acyl-CoA dependent acyltransferases, the so-called BAHD superfamily enzymes, recently were identified and characterized through genetic and biochemical studies (25, 26) . The name ''BAHD family'' originated from its first 4 characterized enzymes: Clarkia breweri benzyl alcohol Oacetyltransferase (BEAT); Gentiana triflora anthocyanin Ohydroxycinnamoyltransferase (AHCT); Dianthus caryophyllus anthranilate N-hydroxycinnamoyl/benzoyl transferase (HCBT); and Catharanthus roseus deacetylvindoline 4-O-acetyltransferase (DAT). The characterized BAHD enzymes use a range of CoAthioester donors, including the aromatic CoAs, to modify a variety of plant metabolites, such as shikimate-phenylpropanoid derivatives, alkaloids, terpenoids, polyamines, and the short-or middle chain aliphatic alcohols (27) (28) (29) (30) (31) . The BAHD enzymes' broad spectrum of substrate specificity and diverse biological functions lead us to assume their potential involvement in the acylation of cell wall associated biopolymer components, such as polysaccharides, lignin, and suberin (32) .
To systematically characterize the functions of the BAHD family of acyl-CoA-dependent acyltransferases and, primarily, to ascertain which enzymes potentially are involved in modifying the cell wall components, we identified 61 and 94 putative BAHD family genes, respectively, from the Arabidopsis and Populus genomes (32) . Subsequently, we selected and screened a batch of corresponding T-DNA insertion homozygous mutant lines of Arabidopsis. By analyzing and quantifying the ''wall-bound'' acyl esters, we distinguished a few mutant lines with reduced levels of wall-bound phenolics, designated RWP mutants. One of them, RWP1, exhibited a decrease in a specific ferulate constituent in the cell wall suberin fraction of the root, stem, and mature seed of Arabidopsis. The protein encoded by the corresponding RWP1 gene displayed a transacylation activity that conjugates hydroxycinnamate (via its CoA thioester) onto the -hydroxyacids, so demonstrating a typical HHT activity. Knocking down or knocking out this -hydroxyacid:hydroxycinnamoyltransferase specifically lowered the ferulate content of suberin, but did not affect the accumulation of pcoumarate or sinapate in roots or seeds. The loads of the lipid monomers of aliphatic suberin changed differentially; in particular, dicarboxylic acids increased. Nevertheless, the knockout plants displayed an obviously enhanced permeability and developmental sensitivity to ion stresses; their stress-response behaviors resemble those observed in Arabidopsis lines that were severely deficient in aliphatic suberin. These in vitro and in vivo results indicate that the RWP1 enzyme functions specifically as a -hydroxyfatty acid: feruloyltransferase for the synthesis of aromatics of the suberin polymer. The aromatic components, similar to the aliphatic polyesters, are critical for the proper structural organization and function of suberin.
Results
Reduced Levels of Wall-Bound Ferulate Accumulate in RWP1 Mutants.
We identified 61 putative genes from Arabidopsis genome sequences by using the conserved sequence motifs of BAHD superfamily members (32) . After excluding some functionally characterized members and their close homologues, we collected the T-DNA insertion mutant lines for the remaining putative BAHD members and screened them by genomic PCR for their homozygosity [exemplified in supporting information (SI) Fig. S1 ]. Subsequently, we prepared extractable-free cell wall fractions from stems of those homozygous mutant lines and hydrolyzed them with NaOH. We then examined the changes of the wall-bound phenolics of the hydrolysates via HPLC/diode array detection/MS.
A homozygous mutant line with a T-DNA insertion in the At5g41040 gene from 2 independent alleles, SALK101708 (rwp1-1) and Salk048898 (rwp1-2) (Fig. 1A) exhibited approximately 48% to 66% decline in specific ferulate content in the hydrolysate from old stems, compared with that of the WT plants (Fig. S2) . The gene At5g41040 encodes a deduced polypeptide of 457 aa residues, encompassing the typical diagnostic sequence signatures of ''HXXXD'' and ''DFGWG'' of BAHD family members (Fig. S3 ). In the mutant line rwp1-1 (SALK101708), the T-DNA was inserted into the first intron of the gene, whereas in the allelic rwp1-2 (SALK048898), the insertion of T-DNA disrupted the gene at the third exon (Fig. 1 A) . The transcript of the At5g41040 gene was detected readily in the WT seedlings, but was barely noticeable in both homozygous insertion alleles (Fig. 1B) , confirming that the insertion eliminated the production of the At5g41040 transcript.
Examining At5g41040 gene expression in different tissues of Arabidopsis by in silico microarray analysis and quantitative RT-PCR (Fig. 1C ) revealed the presence of this transcript in above-and under-ground tissues. A high RNA abundance was detected in the siliques, roots, and seedlings, with less in the stem, implicating the primary functional sites of At5g41040 may be in roots and seeds (within the silique).
Wall-Bound Ferulate Is Reduced in the Suberin Polymers. To determine which cell wall component experiences a reduction in ferulate, we treated extract-free cell wall materials of the roots from WT Arabidopsis and from 2 At5g41040 allelic mutant lines with ammonium oxalate and hot acid to release pectin, and then digested the residues sequentially with endo-␤-xylanase and Driselase to release, respectively, the oligomers of xylan and the other sugars. Our subsequent saponification analyses of these different oligosaccharide preparations did not reveal any wall-bound phenolics or any change of the phenolics. However, after treating the enzymedigested insoluble residues of the roots and mature seeds with BF 3 /methanol solution-i.e., the routine method of transesterification used to harshly depolymerize cell wall suberin-we noted a marked change in the HPLC-UV profiles of the suberin depolymerized hydrolysates from At5g41040 mutants, compared with those from WT plants ( Fig. 2 A-F) . The phenolic profiles from the WT roots and seeds displayed a predominant ferulate peak, the electrospray mass spectrum of which showed the molecular ion (MϩH ϩ ) of 209 (m/z) as the methyl ester derivative from the depolymerization (Fig. 2 A) . Its UV spectrum (Fig. 2D ) and the retention time were identical to those of authentic ferulic acid after the same treatment. In addition, a few minor peaks in the phenolic extract from the WT root and seed suberin depolymerization exhibited a similar UV spectrum to that of ferulate, but a larger molecular mass, suggesting that they might be different feruloylated derivatives from the suberin polymer ( Fig. 2 A and D) . In contrast, ferulate and its derivatives were greatly reduced or essentially lacking, respectively, from the root or seed suberins of both allelic mutant lines (Fig. 2 B, C, E, and F). The ferulate level in 8-week-old roots of mutant lines was only approximately 20% of WT levels ( Fig. 2G) , with almost negligible amounts in their mature seeds (Fig. 2H ). Besides ferulate, we also detected the other phenolics, e.g., p-coumarate, or sinapate, from root or seed suberin depoly- merization. However, in contrast to the ferulate, the levels of p-coumarate in root or sinapate in seed suberin were essentially unchanged or even slightly increased in the mutant plants ( Fig. 2 G  and H) . To confirm the BF 3 /methanol trans-esterification results, we further conducted thioacidolytic analyses on preparations of seed suberin and resolved the released phenolics by liquid chromatography (LC)/MS. Many phenolic derivatives were detected, 2 of which proved identical to those derived from authentic ferulic acid treated with thioacidolysis ( Fig. S4 A-D) ; consistently, in the 2 allelic mutant lines, they were reduced to only approximately 37% and 50% of WT levels, respectively (Fig. S4G) . We also used GC-MS to assess the lipid monomers from seed and root suberin BF 3 /methanol depolymerization (Fig. S5A) . We calculated the level of a particular monomer based on the ion-peak area per unit sample (Fig. 2I ). The lipid compositions in WT and mutant root or seed suberin showed differential changes. The -hydroxy acids remained almost unchanged or were only slightly reduced in both mutant lines; but almost all of the ␣,-dicarboxylic acids and a few alkanoic acid detected exhibited increases (Fig. 2I) . After staining the seeds with the lipophilic suberin dye Sudan red, we observed no coloration difference between the seed surfaces of the mutant and WT lines, further confirming that the overall load of aliphatic suberin in seed coats of the mutant lines had not been lowered (Fig. S5B) . Together, these data suggest that the protein encoded by At5g41040 specifically and substantially affects the accumulation of the ferulate constituent of suberin in roots and seeds.
The At5g41040 Gene Encodes a Hydroxycinnamoyl-CoA:-Hydroxyacid O-Hydroxycinnamoyltransferase. To determine whether the At5g41040 gene encodes a functional hydroxycinnamoyltransferase, we sub-cloned the cDNA of the At5g41040 encoding the ORF into the pHIS9 gateway protein-expression vector (36) , and expressed it in Escherichia coli. The purified recombinant enzyme from E. coli was incubated with feruloyl-CoA and 16-hydroxyhexadecanoic acid (16-hydroxypalmitic acid), the common type of -hydroxyacid in suberin. The in vitro assay was analyzed by LC-MS. A unique product in the reaction of the recombinant enzyme from E. coli containing pHIS9-At5g41040 was detected (Fig. 3A) , which has a UV spectrum similar to ferulate, but its positive atmospheric pressure chemical ionization (APCI)-ion mass spectrum gives an molecular ion [MϩH] ϩ at an m/z of 449, indicating that the ferulate is conjugated with 16-hydroxypalmitic acid (Fig. 3C) . Besides the major molecular ion, the mass spectrum also contains fragment ions of 177 and 163, further suggesting the presence of a feruloyl residue in the product (Fig. 3C) . No such activity was apparent in the boiled-inactive recombinant enzyme (Fig. 3B) , or in the empty vector control extract.
The activity of the recombinant enzyme was maximal in a pH 7.5 phosphate buffer. The optimal temperature for maximum activity was 10°C. Although the enzyme showed activity with both feruloylCoA and p-coumaroyl-CoA, it demonstrated approximately fourfold higher binding affinity and catalytic efficiency with the former than with the latter (Table 1) . No activity was detected with benzoyl-CoA and caffeoyl-CoA. Among the aliphatic alcohols, fatty acids, and monolignols we tested, the enzyme showed a highest activity for the feruloylation of the -hydroxyacid 16-hydroxyhexadecanoic acid, with a catalytic ratio at 3,430 M Ϫ1 s Ϫ1 . Only mild activity was detected with a few medium-chain ␣-alkanols or alkenols. No activity was apparent with fatty acids lacking an -hydroxyl, or with the aromatic monolignols ( Table 1 ). These data suggest that the At5g41040 gene encodes a typical hydroxycinnamoyl-CoA:-hydroxyacid O-hydroxycinnamoyltransferase, henceforth referred to as AtHHT, in vitro.
HHT activity has been detected in the crude extracts of roots of many terrestrial plants (24) . Searching the gene database with the At5g41040 sequence uncovered many close homologue sequences from the gymnosperms, and the dicot and monocot angiosperms. These include Brassica rapa, Populus trichocarpa, Solanum lycopersicum, Picea sitchensis, Oryza sativa, Zea mays, Glycine max, and Medicago truncatula (Fig. S6) . These data imply that HHT genes and their activity might be conserved in different species.
Root Tips and Seed Coats of AtHHT Mutant Line Show High Perme-
ability and Sensitivity to Salts. Tetrazolium red is a cationic dye that was previously used in monitoring permeability of seed coats of the aliphatic suberin-deficient Arabidopsis (17) . We used it to incubate the 5-d after germination (DAG) roots of AtHHT mutant lines. Within 4 h, the meristem of the mutant roots quickly adsorbed the red dye, whereas the roots of WT were less stained (Fig. 4A) . Similarly, when incubating mature seeds from the mutant lines with tetrazolium red, the staining on seed coats appeared first near the hilum, and then diffused outward on the surface. After staining for 8 h, an intense color was apparent on the surface of the mutant seeds' coats, whereas the WT seeds exhibited only faint coloration primarily restricted to the hilum region (Fig. 4B) . These results suggest that the reduction of aromatic suberin in the mutant lines increases the permeability to salt of the roots and seed coats.
When seeds from AtHHT mutant and WT lines were germinated on Murashige and Skoog agar medium with increasing salt concentrations, the percentage of germinated seeds from mutant lines was approximately 40% to 80% less than that of the WT seeds at concentrations of 100 to 200 mM of NaCl, KCl, or Na 2 SO 4 (Fig.   4C) . Moreover, the mutant seeds that germinated at 100 mM of NaCl or KCl showed a much more severe developmental arrest, before establishing green cotyledons (Fig. 4D) . The enhanced permeability of the mutant seeds, and their delayed germination and seedling development in different salts, suggest that aromatic suberin plays a critical role in controlling the tissues' ion uptake.
Discussion
Ferulate has been characterized as a major aromatic constituent of suberin in Arabidopsis, potato, and many other plants (8, 33) . Ferulate esters of long-chain fatty acids and alkan-1-ols, and a small quantity of a mono-feruloylglycerol were isolated from the suberin of potato periderm; those ferulate esters were postulated as the monomeric precursors of suberin (11) . By systematically analyzing the wall-bound phenolics of BAHD acyltransferase knockdown/KO mutants, followed by biochemical characterization, we demonstrate that the formation of long-chain fatty acid-ferulate ester requires a novel BAHD family member, i.e., AtHHT that is encoded by At5g41040. We analyzed 2 independent AtHHT homozygous allelic mutant lines that showed the specific disruption of the At5g41040 transcripts (Fig. 1B and Fig. S1 ). Consequent to gene disruption, the mutant alleles displayed a severe reduction of the accumulation of suberin ferulate in roots and seeds, respectively. The recombinant protein of At5g41040 displayed a hydroxycinnamoyltransferase activity and a kinetic preference for feruloylCoA and acceptor 16-hydroxypalimtic acid. It is possible that AtHHT also accepts other very long chain -hydroxyacid substrates, e.g., C-18 or C-24, but these were not examined in the assay because of commercial unavailability of these chemicals. The catalytic properties of AtHHT are similar to the reported HHT activities from potato tubers, tobacco cells, and many other species (20, 21) , except that AtHHT requires a optimal temperature lower than the normal physiological condition for its maximum activity. 
*Specific activity with feruloyl-CoA and 16-hydroxypalmitic acid (1.68 nmol mg Ϫ1 min Ϫ1 ) was taken to be 100%. ND, not detected. † Reactions were performed using 16-hydroxypalmitic acid as the acyl acceptor. ‡ Reactions were performed using feruloyl-CoA as the acyl donor.
This unique biochemical property may infer a potential biological function of this enzyme and the related suberin synthesis in the tolerance of cold environment; alternatively, the recombinant protein may be thermosensitive in vitro.
The aromatic constituents of suberin, p-coumarate, ferulate, sinapate, and their derivatives differentially accumulate in the tissues of Arabidopsis. We found that ferulate, p-coumarate, and their derivatives were the predominant phenolic constituents of root suberin (Fig. 2 A) , whereas in mature seeds we mainly detected ferulate and sinapate (Fig. 2D) . In AtHHT-KO plants, the ferulate (and its derivatives) of suberin were reduced specifically, whereas the content of p-coumarate and sinapate were not lowered ( Fig. 2G  and H) . These data indicate that AtHHT encoded by At5g41400 biologically functions as a specific feruloyltransferase for modifying the long-chain fatty acid constituents of suberin. Further, the data imply that different acyltransferases might exist for forming other aromatic esters of suberin in Arabidopsis. Examining the phylogeny of BAHD family members of Arabidopsis (32), we found 2 additional homologous genes that share approximately 74% to 76% amino acid identity with At5g41040 (Fig. S6 ). It will be interesting to examine their functions next. Recently, 2 polyamine hydroxycinnamoyltransferases, which are involved in the formation of spermidine conjugates in seeds, were characterized from Arabidopsis (31) . Both in vitro and in vivo analyses demonstrated the strict thioester-donor discrimination of both enzymes in the transacylation of polyamines. AtHHT recognized p-coumaroyl-CoA and feruloyl-CoA in vitro, but it kinetically prefers the latter, which may explain its high specificity for feruloylation in vivo.
The suberin phenolics presumably cross-link together, forming a polymeric domain that associates with the cell wall's polysaccharides. They may be also esterified to long-chain hydroxyl fatty acids/alcohols within the poly(aliphatic) domain (3, 6) . However, it is challenging to quantitatively determine all those phenolics released from different sub-fractions of suberized tissues because no depolymerization method can selectively isolate those phenolics and because of the structural complexity of the putative poly(phenolic) domain, the chemical complexity of their derivatization, and the potential degradation of suberin aromatics under rigorous depolymerization. In our BF 3 /methanol trans-esterification and thioacidolytic analyses, a small portion of suberin ferulate remained in the root or seed suberins of both allelic mutant lines (Fig. 2 A-H and Fig. S4 ). Although this might signify that the deposition of some suberin ferulates in a presumptive subfraction is independent of the activity of the characterized AtHHT, it is more likely that the remaining suberin ferulates in both mutant lines were generated via existing AtHHT activity derived from residual gene expression in both mutant lines (Fig. 1B) .
A reduction/loss of suberin ferulate coincided with an increase in ␣,-dicarboxylic acids, the major lipid component of Arabidopsis suberin (Fig. 2I and Fig. S5 ). This increase in dicarboxylic acids may result from the increased availability of the precursor, the -hydroxy acids, as a result of the deficiency of AtHHT in the mutant lines. Alternatively, the reciprocal accumulation of suberin aromatics and the major lipid components may implicate a potential metabolic compensatory mechanism that might reinforce the plant's mechanical/defensive machinery. Despite the finding that the load of total aliphatic suberin in the KO allelic mutants exhibited no reduction or even a slight increase, the mutant plants displayed an obvious alteration of the permeability to ionic dye and the sensitivity to salt stresses. Indeed, their responsive behaviors and phenotype are comparable to those of the AtGAPT5 mutant line, in which the aliphatic compositions were greatly reduced as a result of the disruption of the gene for aliphatic suberin biosynthesis (17) . These data further suggest that a deficiency of AtHHT most likely disturbs both the compositional and structural properties of suberin, and that the aromatic domain of suberin has as significant a role in conferring suberin's physiological functions as does the aliphatic domain.
Materials and Methods
Plant Materials. The seeds of A. thaliana (Col0) T-DNA insertion mutants of the putative BAHD family of acyltransferase genes, including SALK101708 and SALK048898, were purchased from Arabidopsis Research Center. The seed germination and plant growth in plate or in soil were kept in a growth chamber under a 16/8 h light/dark regimen at 22°C.
Chemicals. p-Coumaroyl and feruloyl-CoA were synthesized following the method described by Stö ckigt and Zenk (34) . Caffeoyl-CoA was kindly provided by Fang Chen of the Samuel Roberts Noble Foundation (Ardmore, OK). Acetonitrile was purchased from Fisher. All other solvents and chemicals were purchased from Sigma-Aldrich unless otherwise stated.
Homozygous Mutant Isolation and Gene Expression Analysis. T-DNA insertion information for each mutant line was obtained from the Arabidopsis Research Center and the Salk Institute. To select homozygous lines, genomic DNA was extracted from young leaves and PCR was performed with T-DNA-specific primer LBb1.3 and gene-specific primers (Table S1 ). To confirm the gene knockout, we used quantitative RT-PCR to detect the transcript in 5-DAG seedlings with gene specific primers (Table S1) Seeds from mutant lines show a reduced germination rate at approximately 100 to 200 mM of NaCl, KCl, and Na 2SO4, and a decreased establishment rate at 100 mM of NaCl and KCl.
Supermix (Bio-Rad), with gene specific primers in an iCycler real-time PCR machine (Bio-Rad) in triplicates using AtTub4 as internal standard (Table S1 ).
Wall-Bound Phenolic Analysis. We carried out the wall-bound phenolic extraction and analysis as previously described (35) . Stems from 8-week-old plants were collected and used. The detailed methods are described in the SI Text.
Preparation and Depolymerizing Analysis of Suberin. We extracted suberin from roots and seeds via the method of Franke et al. (33) and the procedure of Molina et al. (12) , respectively, but with minor modifications. Roots of 8-week-old plants and the mature seeds, harvested and dried for 2 weeks, were used. Before the suberin depolymerization, the cell wall pectin and xylan were sequentially separated from the extract-free residuals and saponified. The remaining suberin preparations were depolymerized with BF3/methanol trans-esterification and/or thioacidolysis method. The detailed procedures are described in the SI Text.
To quantify the content of the suberin phenolics, the UV-absorptive area of particular peak from each sample first was normalized with that of the internal standard, then calibrated with the standard curves for ferulate, p-coumarate, and sinapate established in the same HPLC running using a series of concentrations of authentic chemicals.
Gene Isolation and Phylogenetic Analysis. Full-length cDNA of At5g41040 gene was amplified from the total RNAs of A. thaliana (Col0) by RT-PCR. Sequence alignment and phylogenetic analyses were performed as described (32) .
Protein Purification, Enzymatic Assay, and Kinetic Analysis. The open-reading frame of the Arabidopsis gene was sub-cloned onto the pHis9 protein expression vector by gateway cloning, and the recombinant protein was produced in BL21(DE3) and purified as described (36) . The enzyme activity was first examined by incubating the recombinant protein with 50 M feruloyl-CoA and 40 M 16-hydroxypalmitic acid in 0.1 M MES buffer (pH 6.0) for 30 min, using the boiled protein or the crude extract of E. coli with empty vector as the control.
To determine the optimal temperature and pH for enzyme activity of At5g41040, the protein was incubated with 50 M feruloyl-CoA and 20 m 16-hydroxypalmitic acid in 0.1 M MES buffer (pH 6.0) at different temperatures; or, in 0.1 M MES, NaPi and CAPS buffers with different pH at 10°C for 30 min.
To determine its substrate specificity, 50 M feruloyl-CoA and 20 M of acceptor substrates were mixed in 0.1 M Pi buffer (pH 7.5) and kept at 10°C for 5 min before adding 5 g purified protein to initiate the reaction. After 30 min incubation at 10°C, 50 L 50% acetonitrile was added to stop the reaction and 20 L reaction mixtures were injected for HPLC analysis. To monitor the preference for thioesters, we used 16-hydroxypalmitic acid at a fixed concentration of 40 M.
To measure the steady-state kinetics for the acceptor16-hydroxypalmitic acid, we fixed feruloyl-CoA at 100 M and used 1 g protein with a series of concentrations of acceptor substrate. To measure the kinetics for thioesters, 16-hydroxypalmitic acid was fixed at 200 M, and a series of concentrations of feruloyl-CoA or p-coumaroyl-CoA was used with 1 g purified protein.
The incubation proceeded for 5 min before adding 50 L of 50% hot acetonitrile (60°C), and the mixture was heated at 99°C for 1 min to fully stop the reaction and to prevent the potential reverse conversion of product by residual enzyme activity.
Salt Treatment and Dye Staining. We added a series of concentration of salts to the media and autoclaved them. After spreading the Arabidopsis seeds over the plates, they were kept in a growth chamber at 22°C for 14 d, after which we measured the percentage of seed germination (i.e., the root punching out seedlings) and the percentage of seedling establishment (i.e., seedlings with 2 green cotyledons). For dye staining, we stained both 5-DAG roots from seedlings on a 1 ⁄2 MS plate, and mature seeds in 1% tetrazolium red in H2O for 4 or 8 h at 30°C, and then rinsed the material with water before imaging under a dissection microscope.
For Sudan red staining, seeds were bleached as described by Beisson et al. (17) . The dried seeds were stained in a saturated Sudan red solution (in 92% ethanol) for 30 s at 70°C, rinsed with water, and imaged under a dissection microscope (33) .
